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Materials for components installed in the hot section of gas turbines must endure highly aggressive conditions, such as elevated temperatures and corrosive environments. Under these scenarios, CVD mullite coatings enriched in alumina in the outer surface have demonstrated excellent thermal stability and protection to SiC against corrosion and recession. It is essential that, in addition to the excellent protective behavior exhibited by Al-rich mullite coatings, their structural integrity and mechanical properties can be retained after their exposure to such aggressive conditions. This investigation is devoted to the study of the effect of temperature and hot-corrosion on the main micro- nanomechanical properties and performance of mullite-based EBCs. Nanoindentation was conducted to determine coatings’ hardness, stiffness and fracture toughness whereas nanoscratch tests allowed evaluating their intrinsic structural integrity. Temperature and corrosion were found to have a minor effect on the mechanical behavior of the studied coatings. Hardness and Young’s modulus remianed comparable after thermal treatments, and scratch tests show similar damage features. From these results it can be concluded that mullite-based coatings present a satisfactory structural integrity and reliability to be used as environmental barrier coatings for hot enviroments.








It has been widely demonstrated that mullite (3Al2O3·2SiO2) coatings are optimal candidates to protect silicon-based ceramics, such as SiC and Si3N4, from the aggressive environments characteristic in the hot section of gas turbines1–10. Consequently, mullite  is an optimal material as Environmental Barrier Coatings (EBCs). However, several investigations have shown that the silicon present in mullite may be prone to undergo corrosion during long term exposures to atmospheres containing corrosive agents and water vapor8,11–15, losing its properties as EBC’s
The most effective approach to overcome the problem of Si-corrosion in mullite coatings has been to fabricate alumina-rich coatings by Chemical Vapor Deposition (CVD). This technique allows obtaining columnar mullite coatings in which the Al/Si ratio may be tailored to get alumina-rich compositions (almost silicon-free) at their outer surface, in direct contact with corrosive atmospheres. The alumina rich surface is then resistant to corrosion and recession, making the EBC durable and resistant.
Two different strategies have been done: Al-rich mullite coatings with different Al/Si ratios (obtained by keeping the input gases constant during deposition), and compositionally graded coatings (obtained by grading the input gas ratios during deposition)1–3,5,7,9,10,16–18. 
Under the demanding conditions of gas turbines, mullite coatings are required to exhibit high chemical (oxidation and corrosion resistance) and thermo-mechanical (thermal shock resistance) properties. Moreover, since most of the applications at elevated temperatures operate at long-term, these materials must provide superior long-term stability as well. Within this context, several investigations have been conducted to evaluate the behavior of mullite-containing EBCs deposited on Si-based substrates when subjected to thermal stability, thermal shock and hot corrosion conditions3,5,10,14–16,19,20 

The thermal stability behavior of compositionally graded CVD mullite coatings was addressed in a previous investigation3. Mullite coated SiC samples were subjected to different heat treatments in the temperature range of 1100-1400 ºC. Main outcomes of the study include: 
1)	a tetragonal to orthorhombic transformation in the structure of mullite coatings when exposed to 1250 ºC during 100h, such transformation occurs without compositional changes 
2)	a  transformation of the entire coating microstructure from columnar into equiaxed crystalline grains after the same heat treatment
3)	 a precipitation of nanosized -alumina in the Al-rich regime of the coatings when  performing a two-step annealing process of 1250 ºC for 100 h, followed by one at   1400 ºC during an extra 100 h. 

In this previous work, compositionally graded mullite coatings were also subjected to thermal cycling between 1250 ºC and room temperature for 500 cycles 3. In this cyclic thermal shock test the adhesion of mullite coatings to the SiC substrate was qualitatively evaluated after the tests. Graded mullite coatings showed no signs of significant cracking and/or spallation.

The hot corrosion of different CVD mullite coatings deposited on SiC has also been studied10. Mullite coatings with different Al-rich compositions at the surface were sprayed with Na2SO4 and subjected to flowing oxygen environments at 1200 ºC for   100 h. It was found that corrosion protection increase with the Al/Si ratio at the surface of coatings; and after the tests, none of the specimens was visibly affected by corrosion even under the severe circumstances simulated in the study. Although there was evidence of some minor reactions at isolated parts of the Al-rich coatings, Na penetration into the bulk was negligible. 
In addition to the highly aggressive environments that materials for gas turbines must endure in service conditions, they are required to exhibit an optimum combination of mechanical properties that guarantee their structural integrity. Although the micro- nanomechanical behavior of as-deposited mullite EBCs has been recently documented21–23, similar information about the influence of temperature and corrosion on the mechanical properties evolution of these coatings is inexistent.




2.1.	Materials and sample preparation

Chemical vapor deposition was used to deposit columnar mullite coatings on SiC, following the procedure detailed in references5,7,9. Resulting microstructure of coatings may be observed in the etched cross section of Figure 1a. 

Al-rich coatings were obtained by both keeping the input gases constant during the deposition process to generate an alumina – rich mullite coating (Al/Si  7), and by varying the stoichiometry of input gases during the experiment to obtain compositionally graded coatings. For comparison reasons, stoichiometric mullite coatings (Al/Si: 3) were also deposited. Compositions of coatings were determined by chemical analysis through energy-dispersive X-ray spectroscopy (EDX) performed on several points along their cross-sections. Average values of coatings’ composition in terms of the Al/Si ratio yield Al/Si: 3, 7and in the case of graded coatings, Al/Si varies from 3 to 16. Average sample thicknesses, measured in zones far from the edges, range between 15 and 20 µm. 

For the nanoindentation tests, top surfaces of coatings were polished with diamond suspension of 6 µm followed by 3 µm, and finished with colloidal silica suspension, in order to achieve a flat mirror-like surface. Similar sample preparation procedure was followed for attaining polished cross-sections and wedge geometries of compositionally graded coatings. For the nanoscratch tests, a lightly polished surface was attained by fine polishing using a 3 µm diamond paste for 20 minutes and colloidal silica during 5 minutes. With this polishing, surface irregularities were removed, while keeping the surface and thickness of coatings as close as possible to the non-polished condition.

2.2 High temperature and hot corrosion treatments

Long term stability, thermal shock and hot corrosion treatments were performed on selected coatings as detailed in Table 1. Specimens used for mechanical testing are identified through codes in which the first digit corresponds to the Al/Si ratio; a number in the case of constant compositions (3 or 7) and the letter “G” in the case of graded coatings. The remaining digits are related to the condition of the tested specimen; AD for specimens in the “as-deposited” condition, i.e. without treatments; TS for specimens subjected  to the thermal stability test; TSh for specimens subjected to the thermal shock test; and HC to the specimen subjected to the hot corrosion treatment. The scheme of Figure 1b resumes the temperature conditions for the referred treatments. 

2.2.1 Long term stability













Hardness and elastic modulus of all studied coatings were evaluated as a function of the penetration depth on the basis of Oliver and Pharr’s model24. Tests were performed at a constant strain rate of 0.05 s-1, using a Berkovich indenter with its area function calibrated by indenting a fused silica standard. The load (P) – penetration depht (h) data and the contact stiffness (S) were continuously recorded by using the continuous stiffness measurement (CSM) modulus.

Matrices of 3 x 3 Berkovich indentations were performed on the polished top surface of coatings. Tests were conducted in randomly selected locations at the surface of the coatings, yielding reproducible results for each specific composition and condition. In addition, indentation matrices of 3 rows and a variable number of files (depending on coating thickness) were performed at hmax = 100 nm on the polished wedges and cross sections of all coatings in order to measure hardness profiles.

Cube corner nanoindentation matrices in the range of Pmax = 2-5 mN were performed on coatings with constant composition to evaluate their indentation fracture toughness. Indentation imprints and induced cracks were imaged using atomic force microscopy (AFM) in tapping mode, in a Veeco Dimension 130 microscope. Cracks were measured from the obtained images, and indentation fracture toughness of the coatings, Kc, was estimated using the formulation proposed by Anstis et al. 25 with an indenter factor ξvR of 0.040, as proposed for cube corner indenters. 

Increasing load nanoscratch tests were carried out on the top surface of all studied coatings at a constant scratch rate of 1 µm/s using a Berkovich indenter. Scratch conditions were Pmax = 500 mN, lmax = 200 µm, with a loading rate = 2.5 mN/µm. Tests were conducted on the three surface conditions referred to in section 2.1: polished, ligthly-polished and non-polished. In the case of coatings with constant composition across the coating thickness nanoscratch tests were carried out on the polished surface of specimens. In the case of the coating with Al/Si: 8 and the graded coating, nanoscratches were performed both in the “non-polished” and “semi-polished” surface conditions. These approaches permitted to evaluate (i) structural integrity of coatings without losing information of compositional gradient, (ii) real surface topography effects on the structural integrity of coatings, and (iii) potential effect of thermal and corrosion treatments on the structural integrity of coatings as a function of surface conditions.





3.1. Thermal stability test

Values for Hf and Ef are presented in Figure 2 as a function of penetration depth for coatings with Al/Si ratio of 3 and 7. In the plots, properties of coatings resulting after the thermal stability tests are compared to the ones measured in the as-deposited condition (before the exposure). 

From Figure 2, it is noticeable that specimen 3TS undergoes an increase in hardness and stiffness with thermal stability treatment applied. On the other hand, properties of specimen 7TS are practically unchanged after same thermal exposure. It may also be observed that thermal stability tests yield higher scatter of measured properties, especially relevant in the curves of coating with an Al/Si ratio of 3.

These results must be rationalized on the basis of transformations occurring in the coating material by the effect of temperature. As it was pointed out in the introduction, the influence of temperature, under the conditions of tests performed on compositionally graded coatings, was insignificant in terms of compositional changes. However, two main variations were observed in structure: a phase change from tetragonal to orthorhombic, and a coating microstructure change from the mullite columns to equiaxial crystalline mullite grains3. Considering these transformations, it may be expected an increase in mechanical properties, especially by the effect of the complete crystallization of the coatings. Thus, this effect is more prominent in specimen 3TS, probably due to the higher silica content when compared to specimen 7TS.

From Figure 2 it is evident that, despite of their experimental scatter, hardness and elastic modulus curves are practically constant with the indenter penetration, before and after the thermal stability test. Particularly, it deserves to remark the absence of any drop in the stiffness with the penetration depth after the thermal stability test. This finding suggests absence of important micro-damage events occurring within coatings’ microstructure. In this regard, it may be recalled that decreases in elastic modulus with penetration depth have been attributed to the presence of cracks and/or their development during nanoindentation of some ceramic materials such as bulk zirconia26 and Al2O3/Al2TiO5 composites27.

In Figure 3, the indentation fracture toughness values for coatings with Al/Si: 3 and 7 before and after the thermal stability tests are presented. Some of the cube corner imprints left in such coatings are also included as AFM micrographs insets. 

Fracture toughness of specimen 3TS was KIc = 0.8 ± 0.3 MPa∙m1/2. This value is lower than the one obtained for the same specimen in the as-deposited condition (3AD),                     KIc = 1.2 ± 0.3 MPa∙m1/2.  On the other hand, in the case of coating with Al/Si: 7, fracture toughness assessed after the thermal stability tests yields                                  KIc = 0.8 ± 0.3 MPa∙m1/2. This value is comparable with the one obtained for the same coating in the as-deposited condition, Kc = 0.7 ± 0.1 MPa∙m1/2. Hence, whereas the fracture toughness remains constant for coating with Al/Si: 7, this property decreases in coating Al/Si: 3 as a consequence of the thermal stability test. Again, this may be attributed to the structural changes taking place in the studied coating.

Regarding the effects of the thermal stability test on the coatings’ structural integrity, the penetration profiles and the micrographs corresponding to the nanoscratches conducted on the polished surface of coatings 3AD, 3TS, 7AD and 7TS, are presented in Figure 4. 

In the graphs, filled and void symbols correspond to nanoscratches of coatings in the As-deposited condition and after the thermal stability test, respectively. As it may be observed from the curves of Figure 4b, the penetration of the indenter during the scratching process is almost similar before and after thermal heat treatment for coating with Al/Si: 7. This observation is in agreement with the fact that Hf and Ef remained almost constant for this coating after the exposure. On the other hand, penetration of the indenter in coating with Al/Si: 3 was lower after the thermal stability test, as shown in              Figure 4a. This observation is also in agreement with the H and E increase registered for this coating.

Regarding characterization of the surface areas encompassing the residual scratch tracks, it may be commented that no significant damage may be identified as related to the scratch tests. As it may by observed  in the micrographs of Figure 4b, cracking around the nanoscratch tracks of coatings with Al/Si: 7 is evidenced before and after the thermal stability test, and only partial chipping is observed at high loads in one of the scratches of specimen 7TS. No signs of cracking, spallation or chipping are patent in coating Al/Si: 3 neither before nor after the thermal treatment. Hence, the decrease registered in Kc for specimen 3TS does not translate in an integrity lessening for this coating. In general terms, it must be underlined that the coatings with Al/Si: 3 and 7 retain their structural integrity after thermal exposure to 1250ºC during 100 hours, as assessed by surface nanoscratch tests.

Concerning the compositionally graded coating studied, the surface appearance of specimens GAD (a) and GTS (b) are compared in Figure 5. As it is clear from the images, the overall surface integrity is preserved after the test, as no major cracking or spallation of the coating occurs as a consequence of the heat treatment. This absence of generalized damage is in agreement with similar observations reported in the literature3. 

Nevertheless, bright spots of approximately 60 µm in diameter may be discerned along the surface of the coating after the thermal exposure. As it is observed from the detailed micrograph of Figure5c, these bright spots are located in the outermost zones of the coating, corresponding to the regions with the Al-richest compositions in mullite. This finding is in accordance with the one of nanosized -alumina precipitates in the Al-rich regime of similar coatings after their exposure to high temperatures3. 

The polished wedges of the compositionally graded coating are presented in Figure 6 in the as-deposited condition (a), and after the thermal stability test (b). As it may be confirmed by observing the polished areas in image of Figure 6b, there is no major cracking in the coating as a consequence of the heat treatment. Moreover, some circular areas of the coating appear to be removed by the polishing process. These zones coincide with the location and size of the bright spots observed in Figure 4. It is believed that the differences in properties of these areas may cause the differential removal of material, resulting in partial chipping of the coating in such areas. Nevertheless, it was possible to carry out nanoindentation matrices across the polished wedge of the coating.

Results of hardness and elastic modulus for compositionally graded coating are presented as a function of coating thickness in Figure 6. Although the scatter in the data corresponding to the thermally treated specimens is relatively higher than for the control condition, differences in both stiffness and hardness are not significant, and the trend of such properties with the thickness, as related to compositional grading, is similar to that estimated in the as-deposited condition. Considering the scatter of measurements, it may be stated that H and E are not significantly affected by the thermal treatment conducted in this coating.

After the thermal stability test, the influence of temperature on the structural integrity of graded mullite coatings was also studied through nanoscratch tests performed in the non-polished and semi-polished surface conditions. In Figure 7a and b, the optical and LSCM micrographs of two of the referred scratches in specimen GTS are shown for the non-polished condition. 

The residual tracks left by the scratches evidence a very slight damage produced by the tests in the surface of the graded coating, as it is discerned in Figure 7a and b. A detailed observation of the scratch tracks suggests that the indenter produces a flattening effect on the surface irregularities as load is increased during the scratch test. However, coating spallation or chipping is absent. 





The surface appearances of Al/Si: 7 coating after the thermal shock treatment performed are displayed in Figure 8. Some cracking and minor coating spallation may be observed in specimen 7TSh, especially in the zones close to the edges. However, in the interior of the specimen, in locations far from the edges, these cracks disappear and the coating remains undamaged after the thermal shock. Same test performed on Al/Si:3 did not show any change in the cracking pattern as compared to the reference sample.





The LSCM micrograph of Figure 9a shows the cross-section of coating with Al/Si: 7 indented after exposure of this coating to the hot-corrosion test. 

Average results of the elastic modulus and hardness evaluated from the referred      cross-sectional Berkovich nanoindentations are presented in Figure 9 b. For comparison purposes, average values obtained from specimen 7AD are included in the graphs as meshed regions. 

Despite of the scatter in the measurements registered across the cross-section, it may be mentioned that stiffness and hardness of specimens 7AD and 7HC are comparable. Hence, effect of hot-corrosion is insignificant in terms of mechanical properties.

Nanoscratch tests were conducted both in non-polished and polished surface conditions of specimen 7HC. In Figure 10a three nanoscratches performed on the non-polished surface of this coating are presented. Again, minor damage is observed as a consequence of the scratch tracks for this coating. The same flattening effect presented previously in Figure 7a and b for the graded coating in specimen GTS, is evidenced in the 3D image of Figure 10b. One of the nanoscratches conducted on the polished surface of specimen 7HC is presented in the LSCM (c) and optical (d)  micrographs of Figure 10.






The influence of temperature and hot-corrosion on the micro/nano mechanical properties and structural integrity of CVD mullite coatings was studied in selected specimens with constant and graded Al/Si ratios. The following conclusions may be drawn:

- An increase in Hf and Ef, accompanied by a decrease in Kc, was found to occur in coating with Al/Si: 3, whereas none of these properties was altered for coating with Al/Si: 7 as a consequence of the thermal stability tests performed. This may be ascribed to the microstructural transformations experienced by these coatings as a consequence of thermal exposure. On the other hand, hardness and stiffness of the compositionally graded coating were practically unchanged after such treatments, denoting an insignificant effect of temperature in these properties.

- Hot corrosion tests performed in coating with Al/Si: 7 did not induce any relevant change in its micro/nano mechanical properties. 
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Figure 1. Cross section of a compositionally graded mullite coating (a). Columnar microstructure is revealed after etching coatings’ cross section with HF solution at 60°C for 10 minutes. Scheme illustrating conditions for the thermal and hot corrosion treatments performed (b).
Figure 2. Hardness (a) and elastic modulus (b) as a function of penetration depth obtained for coatings with Al/Si: 3 and 7. Void symbols correspond to indentations in the as-deposited condition and filled symbols correspond to indentations after thermal stability test. Confocal micrographs of indentation imprints in each condition are included as insets.
Figure 3. Plot of indentation fracture toughness measured for coatings with Al/Si : 3 and 7. Void symbols correspond to indentations in the as-deposited condition and filled symbols correspond to indentations after thermal stability test. AFM micrographs of cube corner indents at P = 30 mN (coating with Al/Si: 3), and P = 20 mN (coating with Al/Si: 7) are included as insets.
Figure 4. Penetration depth as a function of applied load, and corresponding micrographs of the scratch paths for coatings with Al/Si: 3 and 7. In the micrographs scratch load increases from left to right. Void and filled symbols correspond to scratches in the as-deposited condition and after thermal stability test respectively.
Figure 5. Surface aspect of graded coating in the as-deposited condition (a) and after the thermal stability test performed (b). Detail of the bright spots observed after thermal exposure (c).
Figure 6. Variation of hardness (a) and elastic modulus (b) through the thickness of the compositionally graded coating. Values are measured by indenting the polished wedges of this coating. Void and filled symbols correspond to scratches in the as-deposited condition and after thermal stability test respectively. Micrographs of the polished wedges obtained for the graded coating before and after the thermal stability test, are included as insets.
Figure 7. Optical and LSCM micrographs of nanoscratches performed on the non-polished surface (a and b respectively) and on the semi-polished surface (c and d respectively) of the graded coating after the thermal stability test.
Figure 8. Surface appearances of Al/Si:7 coating after the thermal shock test. Scratching load increases in the direction pointed by the arrow.
Figure 9. Nanoindentations on the coating cross-section of coating with Al/Si: 7, previously subjected to the corrosion test (a). Cross-sectional hardness and elastic modulus of coating with Al/Si: 7 after the corrosion test (b). The meshed zone superposed to the plots indicates the average values found for this coating in the as-deposited condition.
Figure 10. General optical micrograph of three nanoscratches performed on the surface of coating with Al/Si: 7 in the non-polished condition after being subjected to hot corrosion test (a), and detailed 3D view of one the scratch tracks (b). LSCM (c) and optical (b) micrographs of a nanoscratch performed on the polished surface of this coating. Scratching load increases in the direction pointed by the arrow.



1



